The application of Fabry-Perot (FP) system for vibration sensing is theoretically analyzed and successfully demonstrated by simulation. The separation between the reflecting mirrors of the FP is varying in accordance with the sensed vibration that is in contact with the freely movable mirror. The variable separation is modeled as a small uniform sinusoidal perturbation that satisfies the constructive multiple beam interference inside the cavity. The variation of the separation between the two mirrors of the FP induces a phase variation to the reflected laser beam employed in the system. The constructed signals by signals processing and transformation reveal the effectiveness of the method for vibration sensing and hence the applicability for gravitational and seismic waves monitoring.
Introduction
Vibration plays a major role in various fields and the study of its influences can widely be found in the aeronautics and aerospace industry, in civil engineering, manufacturing, precision mechanics and mechatronics applications, as well as in the ever-evolving microelectronics sector [1, 2, 13, 16] . Vibration analysis not only allows the performance limits of an engineering component to be determined but can also be employed for damage detection in important objects so that preventive maintenance can be carried out before the occurrence of critical failure. Mechanical vibration measurement allows one to characterize and study the performance of a mechanical system such as a machine operated not only under normal conditions but also at various levels of its operating cycle to meet increasing demands of higher productivity and economical design which, in turn, can lead to higher operating speeds and efficiency [1, 2] . Besides vibrations, there are many physical and chemical [3, 4, 6, 8] parameters that have been under investigation through various sensing mechanism and effects. Acoustic waves sensing applications have been widely required for many industrial applications [2, 4, 5] . Therefore, the choice of a particular sensor type for a given sensing application depends upon the parameters being measured and the physical properties of the sensor. The parameter being measured can be vibration, strain, temperature, pressure, gas contents, chemicals or biochemicals or force on the structure [3, 4, 6, 12, 15, 16, 21, 27] .
Fiber optic sensors have gained importance in recent years and have been used in a variety of structural applications including strain sensing and damage detection [8, 12, 13, 23] . These sensors integrated with composite structures and MEMS technology have been an active area of research in recent years [16, 18, 27] . However some sensors exhibit non-linear output, which poses a requirement on processing capabilities and a processor must accomplish these tasks quickly and efficiently to make the smart structure an on-line system. Optical sensors are of great interest for application in aerospace because their immunity to EMI can provide a significant weight savings through the elimination of cable shielding and surge protection electronics. Optical sensors also showed proven success in biomedical field resulting from their reliability and biocompatibility and the simplicity of the sensor physician interface [20, 22, 24, 26] . Optical sensors have the advantage of the contacless measurement capability. Techniques based on the use of speckle metrology, holographic interferometry, Doppler effect, fringe projection, external cavity optical feedback, classical interferometry and the ubiquitous optical fiber interferometer have also been widely utilized in this specific application to measure target velocity, dynamic and non-periodic displacements, low-intensity oscillating magnetic fields, relative and absolute distance/length, etc, both in the laboratory and in industry [8, 9, 10, 13, 14] .
A vibration sensor can be thought of as a very highly sensitive accelerometer with no direct current (dc) output requirement. Applications for these devices include geophysical sensing, machinery vibration and failure prediction, tracking and identification of vehicles or personnel, and underwater pressure gradient sensing [15, 17, 22, 23] . Most vibration sensors (displacement sensors or accelerometers) are based on a suspended proof mass which is connected to the case using springs. Vibration sensors use the displacement of the base as the excitation mechanism for the proof mass. The relative displacement of the proof mass with respect to the case is a function of the base vibration amplitude and frequency. When the ratio of working frequency over the sensor's natural frequency becomes very small, the relative displacement of the suspended mass becomes proportional to the acceleration.
In this case the sensor can be used as an accelerometer. However, if the sensor's natural frequency is small compared to the working frequency; the relative displacement approaches the displacement of the case. This type of sensor can be used as a displacement sensor [5, 16, 17, 19] .
Optical sensors utilizing a Fabry-Perot cavity have been demonstrated to be attractive for the measurement of temperature, strain, pressure and displacement, due to their high sensitivity.
Fabry-Perot cavity based pressure sensors have been reported in a variety of configurations, such as those using modulation of the air gap of a Fabry-Perot interferometer by deflection of a diaphragm and interferometric detection of the stress-dependent resonant frequency of an optically excited vibrating beam [9, 10, 11, 14, 16, 17] . A simple Fabry-Perot cavity-based pressure sensor consists of a diaphragm, which deflects in response to a change in pressure. The diaphragm deflection changes the depth of the cavity and thus the conditions for optical interference when light is reflected from successive reflections of the initial beam. As the diaphragm moves in response to pressure, the Fabry-Perot reflectance changes accordingly. There are different designed structures for those Fabry-Perot cavity-based pressure sensors. Surface micro-machined Fabry-Perot cavity based pressure sensor has been reported [22, 26, 27] where dielectric film stacks consisting of layers of silicon dioxide and silicon nitride were used as mirrors.
A fiber-optic pressure micro-sensor suitable for medical instruments such as catheters and endoscopes has also been developed. The sensing element consists of a diaphragm structure, glass plate and alignment structure. Pressure measurements of the sensor with sufficient sensitivity (0.19 µW MPa-1 on the average) and accuracy have been obtained [23, 24, 25] . Microelectro-mechanical systems (MEMS) techniques made Fabry-Perot sensors more attractive by reducing the size and the cost of the sensing element [26] . Miniaturization of sensors (< 1mm) will lead to realization of dense sensor arrays that will change the state-of-the-art of pressure mapping. Fabry-Perot cavity-based sensors for pressure sensing are currently the most promising market. Some of the common applications include biomedical blood pressure sensing, industrial process monitoring and automotive engine control. Fabry-Perot sensors illuminated with LEDs, an interrogation method employing optical spectrum modulation was demonstrated on biomedical pressure and temperature sensors. The sensor signal is the ratio of measured input and output, which is used to detect the spectral shift.
This paper introduces a sensing technique employing a Fabry Perot system with one movable mirror. A schematic diagram of a fully-integrated version of an optical displacement sensor is shown in fig.1 . The movable mirror is the sensor part that is in contact with the sensed vibration. This mechanism relies on the modulation of the reflected signal according to the sensed vibration. The system design ensures that the mirror position is always perpendicular to the optical axis. 
Theoretical Model
The reflected amplitude is calculated by summing all reflected waves. Different waves differ in phase due to the optical path difference (2mLn) and in amplitude due to reflection and transmission by (
). Let the amplitude of the incident wave be Ei and the amplitude of the reflected wave be Er with the phase difference (δ) taken into account as a factor and adding the amplitudes of the reflected rays
is the wave number and L is the FP cavity length.
is the reflection coefficient and t t ′ = is the transmission coefficient.
The reflectivity and transmissivity are given by
The intensity is given by 
Lo is the original cavity length and ∆L represents the variation in the cavity length induced by the sensed vibration.
ws is the frequency of the sensed vibration or transducer, ϕ is the possible pre-existing phase, λ0 is the laser beam wavelength and n is the cavity refractive index. The quality factor of the FP system is given in terms of the finesse coefficient ζ as:
Results and Analysis
The results of this work are based on the developed model and mechanism. The experimental design will follow the above mentioned arrangement in which the sensing part is attached to the movable mirror either directly or through a suitable transducer as depicted in fig.1 . In this model which is originally based on the multiple beam interference the cavity length variation is modeled by considering the variation as a sinusoidal small perturbation to the cavity length with an amplitude of (λ/4) which due to reflection is doubled to become (λ/2) satisfying the constructive interference at the limiting values of the term
As shown in fig.2 the variation of the reflected intensity with time clearly demonstrates the sensing capability for different frequency values that principally represents vibrations or mechanical frequencies. This real time intensity variation can be processed using different signal processing mechanisms to get the desired information and hence relate each intensity value to its corresponding frequency.
Fig. 2. The reflected intensity distribution with time for different vibration frequencies in long time interval range.
This method is effective for different range of frequencies and also for different laser beam probes. It is expected that this system can experimentally developed based on the above model to monitor seismic and gravitational waves activities and hence forecasting earth quakes Tsunamis and volcanoes.
When repeating the analysis for small time range, the result shown in fig.3 is obtained for different vibration frequencies. It is obvious that the detection of higher vibration frequencies was better demonstrated in the case of small detection time range analysis and the lower frequencies showed higher peaks at larger detection time range. The high peaks in all cases appeared at certain times that at which the resonance is occurring between the detected vibration frequencies with that ensued from the cavity length variation. The FFT analysis that is extensively described elsewhere in various literatures was performed here to process the obtained signals and convert from time domain to frequency domain basis. Fig.5 depicts the constructed signal from the result in fig.3 . The constructed signal in frequency domain shows the reflected intensity distribution versus the frequency. The signal obtained signals can be recorded at various time intervals and compared with some signals obtained for normal vibration situations. The signals can be reconstructed for a spatial frequency 40 cycles across the signal to obtain the results shown in fig.6 . A better trend was obviously generated and hence intensity peaks were nearly symmetrically repeated across the detected signal. As the detected signal has some noise or peaks that cannot be analyzed to interpret the detected signal, the procedures of signal processing techniques require some sort of filtering to get interpretable signal that carry useful information about the measurand with minimized noise. Fig. 7 shows the simulated high pass mask. It represents a Gaussian distribution to the intensity with frequency. Filters can be applied by multiplying the transform by a set of weights and then transforming back. This is equivalent to convolving the original profile with a mask that is the transform of the set of weights. The weighted Fourier transform (WFT) is a variation on the Fourier transform over arbitrary fields involving weighting the input before transforming it. Multiply the FFT by the mask gives the result shown in fig.  8 . Transforming back by using inverse fast Fourier transform (IFFT), the high-pass filtered signal is obtained as depicted in fig. 9 which is the finally desired intensity distribution with frequency. This result gives a variation of the reflected signal with multiple peak fluctuations. It is easily interpreted and related to the sensed vibration signals. The induced variation of the FP cavity length which is described by Eq.(6) is found to cause a periodic variation of the phase difference to the multi-reflected beams inside the FP cavity. This variation is depicted in Figure (10) . It is worth to mention here that if the detected vibration was not symmetrically periodic which is the expected actual case, the phase change may also flow the same perturbation as the modeled cavity length variation that represents a translation to the induced effect by the sensed vibration either directly or through a suitable transducer. The simulated variation of FP cavity length with time is depicted in fig. 11 . It shows a periodic variation of the cavity length with time for a period of 10 Seconds. It is also expected to get the same trend for larger time intervals because the modeled length variation assumes a uniform and symmetrical vibration at the sensed location. It is emphasized here that the above mentioned modeling could also be applied with a non-uniform perturbation that is fluctuates with time which is also one of the major concerns of this research. The phase variation incurred by cavity length variation shows a linear trend with direct proportionality as it is theoretically expected from Eqs.(5&6). The simulated linear relationship between the phase change and FP cavity length is depicted in fig. 12 . 
Conclusion
This paper discussed a theoretical model and simulation analysis of an adopted vibration sensing system employing a variable Fabry Perot cavity. The detected signal by reflection as a function of sensing time is used as a mean of real time monitoring mechanism. The employed model relayed mainly on the multiple beam interference analysis and the variation of the FP cavity length is considered as a uniform perturbation with sinusoidal trend. The amplitude of the perturbation is (λ/4) which by reflection becomes (λ/2) satisfying the constructive interference condition. Detected The obtained results ensured the feasibility of experimentally implement the system and resulted peaks represents the positions at which the resonance is occurring between the detected frequency and that of the vibrated cavity. A comparison method can be developed to get information about the sensed vibration and its strength and hence forecasting reports are issued according to that. The analysis showed that any range of mechanical frequencies can be detected and processed and hence real time monitoring of gravitational waves, earth quakes and volcanoes is feasible.
